Signature tagged mutagenesis has recently revealed that the Ssp serine protease (V8 protease) contributes to in vivo growth and survival of Staphylococcus aureus in different infection models, and our previous work indicated that Ssp could play a role in controlling microbial adhesion. In this study, we describe an operon structure within the ssp locus of S. aureus RN6390. The ssp gene encoding V8 protease is designated as sspA, and is followed by sspB, which encodes a 40.6-kDa cysteine protease, and sspC, which encodes a 12.9-kDa protein of unknown function. S. aureus SP6391 is an isogenic derivative of RN6390, in which specific loss of SspA function was achieved through a nonpolar allelic replacement mutation. In addition to losing SspA, the culture supernatant of SP6391 showed a loss of 22-to 23-kDa proteins and the appearance of a 40-kDa protein corresponding to SspB. Although the 40-kDa SspB protein could degrade denatured collagen, our data establish that this is a precursor form which is normally processed by SspA to form a mature cysteine protease. Culture supernatant of SP6391 also showed a new 42-kDa glucosaminidase and enhanced glucosaminidase activity in the 29 to 32 kDa range. Although nonpolar inactivation of sspA exerted a pleiotropic effect, S. aureus SP6391 exhibited enhanced virulence in a tissue abscess infection model relative to RN6390. Therefore, we conclude that SspA is required for maturation of SspB and plays a role in controlling autolytic activity but does not by itself exert a significant contribution to the development of tissue abscess infections.
The serine protease of Staphylococcus aureus strain V8 (Ssp, also known as V8 protease) was one of the first secreted enzymes of S. aureus to be purified and characterized in detail (16) . It is a member of the glutamyl endopeptidase family of enzymes (24) and has been widely used in this capacity as a specific tool for determining protein structure. However, its contributions to the growth and survival of S. aureus have not been elucidated. S. aureus is a major cause of infectious morbidity and mortality in both the community and hospital settings (30) , and although capable of expressing several different toxins, it is not generally equated with other pathogens that cause illness primarily through the elaboration of specific toxins (17) . Rather, the hallmarks of S. aureus disease are its rapid multiplication and induction of inflammation at the site of infection and its ability to disseminate and initiate metastatic infection (50, 51) . This is facilitated by an accessory gene regulator locus, agr, which at high cell density is responsible for inducing the expression of secreted toxins and exoenzymes, while simultaneously promoting the reduced expression of cell surface adhesins and colonization factors (18, 38, 41, 48) . Therefore, agr-null mutants demonstrate enhanced expression of colonization factors and a pleiotropic defect in expression of secreted virulence factors.
Due to the inability to express secreted virulence factors, agr-null strains of S. aureus exhibit attenuated virulence in several different infection models, and similar observations apply to a second regulatory locus, sar, which is required for optimal transcription of agr (5, 12, 14) . However, with few exceptions, the function of individual secreted proteins is less well defined. In this respect, a signature tagged mutagenesis (STM) study has recently indicated that the Ssp serine protease contributes to in vivo growth and survival of S. aureus RN6390 in each of three different infection models (14) . Remarkably, although S. aureus secretes numerous toxins and tissue-degrading enzymes, Ssp was the only secreted protein identified by STM as being required for the in vivo growth and survival of S. aureus. Our previous work also implicated a role for Ssp in degrading a cell surface fibronectin (Fn) binding protein (32) , suggesting that Ssp could play an important role in controlling the stability and/or processing of cell surface proteins. These findings collectively indicate a significant contribution of the Ssp serine protease towards the growth and survival of S. aureus. Herein, we present the first application of molecular techniques towards providing a detailed understanding of the functions of a secreted protease of S. aureus. Through sequence analysis of the S. aureus strain COL genome (http://www.tigr .org), we have found that the ssp structural gene (sspA) is followed closely by an open reading frame encoding a cysteine protease, designated sspB. The sspA and sspB proteases are transcribed as an operon, which also includes a third open reading frame sspC, of unknown function. Through construction of a nonpolar allelic replacement mutation, inactivation of sspA was achieved without affecting transcription of sspB or sspC. Loss of the SspA serine protease function resulted in a pleiotropic effect on the profile of secreted proteins, including autolysin activity and proteolytic maturation of the SspB cysteine protease, but did not result in attenuated virulence in a tissue abscess model of infection. Therefore, SspA alone does not exert a significant contribution to tissue abscess infections. Others have shown that SspA is itself expressed as an inactive precursor that is activated by a metalloprotease (15) . Therefore, we have defined a step in a cascade pathway of proteolytic activity, where metalloprotease is required for maturation of SspA, which then processes SspB and controls autolytic activity.
Nucleotide sequence accession number. The nucleotide sequence of the ssp operon has been deposited in GenBank (accession number AF309515).
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and recombinant plasmids used in this study are listed in Table 1 . S. aureus was cultured at 37°C in brain heart infusion (BHI) broth (Difco, Detroit, Mich.), NZY broth (20) , or medium optimized for protease expression (16) . Escherichia coli DH5␣ was grown at 37°C in Luria-Bertani medium (Difco). Culture media were supplemented with agar (15 g⅐l Ϫ1 ; Difco) where required, and with ampicillin (50 g⅐ml ), or tetracycline (5 g⅐ml Ϫ1 ) when needed for selective purposes. For phenotypic assays, a single-colony inoculum was grown overnight in the appropriate medium on an orbital shaker (250 rpm) and then subcultured into prewarmed medium in Erlenmeyer flasks to achieve an initial optical density at 600 nm (OD 600 ) of 0.1. For assays of Fn binding and coagulase activity, cells were harvested from BHI broth at mid-exponential (2 h) or stationary phase (6 to 7 h). Cell pellets were processed for assay of Fn binding (54) , while culture supernatants were frozen at Ϫ70°C for coagulase assay. For protease and protein profile determinations, cultures were grown in protease culture medium for 8 or 18 h, and samples of cell culture supernatant were stored at Ϫ70°C. For analysis of autolysin profiles, Tables 1 and 2 , respectively. Construction of the pVE1C vector for inactivation of sspA was performed in E. coli DH5␣, as outlined in Table 1 . The ssp gene (9) was amplified from S. aureus RN4220 with primers sspA-F1 and sspA-R1 and then cloned in pUC18 using a HindIII site incorporated by the forward primer and an XbaI site at nucleotide 1383 of the ssp sequence, near the 3Ј end of the PCR amplicon. The resulting plasmid is designated pUC-V8. The ermAB rRNA methylase of Tn917 (49) was amplified from plasmid pPQ126 (31) , with primers Tn917-F and Tn917-R that incorporate terminal BamHI sequences. The 1.4-kb amplicon was cloned in pBKSϩ, creating pBS-E1. The ermAB fragment was excised from pBSE1, blunt ended with T4 polymerase, and ligated to pUC-V8 at a unique BsmI site at nucleotide 650 of sspA, creating plasmid pUC-VE. A fragment of S. aureus plasmid pPQ126 (31) containing the pE194ts temperaturesensitive plasmid replication origin and chloramphenicol acetyl transferase was excised with PstI and XbaI. After cloning in pUC18, the fragment was excised from the resulting pUC-VE plasmid with PuII and ligated to SmaI-digested pUC-VE, creating shuttle vector pVE1C.
pVE1C was transformed into S. aureus RN4220 by electroporation (36), selecting for erythromycin-resistant (Em r ) transformants on BHI agar at 30°C. Mutants containing pVE1C integrated within the sspA allele were then selected by growth at 42°C on BHI agar supplemented with erythromycin (10 g⅐ml Ϫ1 ), as described by Greene et al. (19) . One mutant designated SP4221 was used as the donor strain for transfer of the mutation to S. aureus strain RN6390 by transduction with phage 85 (36) . Em r transductants were replica plated on BHI containing chloramphenicol (5 g⅐ml Ϫ1 ), and an Em r Cm s transductant was designated SP6391. Southern blotting of HindIII-digested genomic DNA from this strain with probes specific for sspA and ermAB confirmed the expected allelic replacement mutation (data not shown).
Sequence analyses. Nucleotide sequence data used to identify the ssp operon in S. aureus COL was obtained from The Institute for Genomic Research (http: //www.tigr.org). Nucleotide sequence analysis was conducted with the IBI MacVector program (Eastman Kodak, New Haven, Conn.). Homology searches were conducted using the BLAST algorithms (1, 2) provided by the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). Protein sequence analysis was performed using programs provided by the ExPasy Proteomics Tools molecular biology server (3), at http://www.expasy.ch/tools. PCR conditions. Primers used for PCRs are described in Table 2 . DNA segments were amplified in a volume of 25 l, containing 1.0 ng of template DNA, 1.5 mM MgCl 2 , 1.5 M (each) forward and reverse primers, 0.2 mM deoxynucleoside triphosphate mix, and 1.25 U of AmpliTaq DNA polymerase (Roche Canada, Laval, Quebec, Canada), using the buffer as supplied by the manufacturer. Cycling conditions consisted of a 4-min denaturation at 94°C followed by 30 cycles with denaturation at 94°C for 1 min, annealing at 52°C for 2 min, and extension at 72°C for 1 min. Where necessary, PCR products were gel purified using the GeneClean II kit (Bio 101; Vista, Calif.) for use in cloning experiments, or as probes in Southern and Northern blots.
Southern and Northern blotting. DNA probes for Southern blots were generated by PCR as described above, using primers sspA-F1-sspA-R1 and Tn917-F-Tn917-R (Table 2 ). Additional probes for Northern blots were generated by PCR using primers sspB-F1-sspB-R1, sspC-F1-sspC-R1, sspA-F3-sspA-R2, and RNAIII-F-RNAIII-R. All probes were labeled with the ECL direct nucleic acid labeling system (Amersham-Pharmacia, Piscataway, N.J.). S. aureus genomic DNA was purified using QIAGEN 100/G genomic tips (Qiagen, Inc., Valencia, Calif.), following the manufacturer's protocol for gram-positive bacteria. RNA was prepared from stationary-phase (8 h) S. aureus cultures grown in protease culture medium, using TRIZOL reagent (Gibco/BRL, Gaithersburg, Md.) and the FASTPREP FP120 instrument (Bio 101) as described previously (40) . The concentration and purity of each sample were determined by measuring the absorbance at 260 and 280 nm.
For Southern blotting, 1.0 g of HindIII-digested genomic DNA was electrophoresed through 0.8% (wt⅐vol
Ϫ1
) agarose containing ethidium bromide (0.5 g⅐ml Ϫ1 ), in Tris-acetate-EDTA buffer. DNA was blotted by capillary transfer to Hybond Nϩ membrane (Amersham) using the alkaline transfer method (29) . Northern blot analysis was performed with 10 g of RNA after electrophoresis in 1.0% (wt⅐vol
) agarose containing 0.66 M formaldehyde in morpholine propanesulfonic (MOPS) acid running buffer (20 mM MOPS, 10 mM sodium acetate, 2 mM EDTA [pH 7.0]). For estimation of transcript sizes, 10 g of RNA molecular weight standards (Sigma) ranging in size from 0.2 to 10 kb were electrophoresed next to RNA from S. aureus RN6390. RNA was transferred to a Hybond Nϩ membrane in 10ϫ SSC buffer (0.15 M Na 3 -citrate, 1.5 M NaCl [pH 7.0]), and fixed to the membrane by baking at 80°C for 2 h. Processing of the blotted membranes was performed using the reagents and protocols provided with the ECL direct nucleic acid labeling and detection system (AmershamPharmacia), using Kodak Biomax ML autoradiography film.
SDS-PAGE, zymography, Western blotting, and N-terminal sequencing. To determine profiles of secreted proteins, cell culture supernatant was mixed with an equal volume of ice cold 20% (wt⅐vol
) trichloroacetic acid (TCA) and incubated on ice for 60 min. After centrifugation, (12,000 ϫ g; 10 min) precipitated proteins were washed in ice-cold 70% (vol⅐vol
) ethanol, air dried, and solubilized in 1ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) reducing buffer. The samples were then subjected to SDS-PAGE as described by Laemmli (27) . Proteins were visualized by staining with Coomassie blue. For zymography, culture supernatants were subjected to SDS-PAGE using 12% (wt⅐vol Ϫ1 ) acrylamide Zymogram Ready Gels (Bio-Rad, Hercules, Calif.) containing casein or gelatin (1 mg⅐ml Ϫ1 ). Following electrophoresis, the gels were shaken gently for 60 min at room temperature, in phosphatebuffered saline (PBS) containing 2.5% (vol⅐vol Ϫ1 ) Triton X-100 (Sigma). The gels were then incubated overnight at 37°C in buffer containing 50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 5 mM CaCl 2 , 0.02% (vol⅐vol
) Triton X-100, and 1 mM cysteine. The gels were then stained with Coomassie blue dye and destained to reveal zones of protease activity. Where indicated, culture supernatants were preincubated with specific protease inhibitors (DFP, 10 mM; E-64, 10 M), and the same inhibitors were included in the development buffer. Zymograms for detection of autolysin activity were conducted as described previously (45), using acrylamide gels containing heat-killed and lyophilized Micrococcus luteus (Sigma) or S. aureus RN6390 cells (1 mg⅐ml
). Zones of autolytic activity were detected by counterstaining with methylene blue. Sample volumes were adjusted to represent equivalent optical density at 600 nm (OD 600 ) units, based on the cell density of each stationary-phase culture.
V8 protease in culture supernatants was detected by Western immunoblotting. To generate specific antibodies, each of two female New Zealand White rabbits were immunized by subcutaneous injection with 100 g of purified V8 protease from S. aureus L530 (32), mixed with Freund's complete adjuvant (Sigma). Booster injections were administered at 2-week intervals, consisting of 100 g of V8 protease mixed with 0.5 ml of Freund's incomplete adjuvant (Sigma). Purified V8 protease was employed for blot purification of monospecific antibodies, using pooled antisera from the second and third booster injections. For Western immunoblots, proteins from stationary-phase culture supernatants were subjected to SDS-PAGE through 12% (wt⅐vol Ϫ1 ) polyacrylamide gels, and transferred to Immobilon-P membranes (55) . Western blotting was performed with blot-purified anti-V8 protease antibody as primary antibody, and alkaline phosphatase-conjugated goat anti-rabbit (heavy and light chain) immunoglobin G (Jackson Immuno Research, West Grove, Pa.) (5,000ϫ dilution) as the secondary antibody. Blots were developed with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium alkaline phosphatase substrates (Bio-Rad).
For N-terminal sequence determination, culture supernatant proteins were precipitated with TCA and subjected to SDS-PAGE as described above, followed by transfer to polyvinylidene difluoride membrane in CAPS buffer, as described previously (57) . After light staining, protein bands were excised with a scalpel and submitted to the University of Toronto HSC Biotechnology Center for N-terminal sequencing.
Assay of Fn binding, protease, and coagulase activity. Assays for binding of 125 I-Fn were conducted as described (40), using 5 ϫ 10 7 S. aureus cells in each binding assay, with 4.5 ϫ 10 8 non-Fn-binding S. simulans cells as carriers to assist in centrifugation. Labeling of Fn with 125 I (NEN-Dupont, Boston, Mass.) was performed using the chloramine-T protocol (25) , to a specific activity of approximately 27 MBq⅐nmol
. All assays were performed in duplicate within 24 h of the labeling reaction. Binding data are expressed as the percentage of added Fn (50,000 cpm) that was bound by 5 ϫ 10 7 S. aureus cells. For quantification of protease activity, samples of 18-h culture supernatants were assayed with resorufin-labeled casein (Roche) as previously described (40) . The resorufin chromophore solubilized by protease activity was quantified (A 574 ) after precipitation of undigested casein with TCA. Coagulase activity in culture supernatants from exponential (2 h)-or stationary (7 h)-phase cultures of S. aureus grown in BHI was quantified with sterile reconstituted rabbit plasma (BBL, Bedford, Mass.) in 10-by 75-mm glass culture tubes as described previously (40) . The coagulase titer was defined as the log 2 reciprocal of the highest dilution producing a firm clot. Protease and coagulase assays were both performed in duplicate.
Murine tissue abscess model. Virulence of S. aureus RN6390 and isogenic derivatives was assessed using a murine tissue abscess model following established protocols (7, 8) . Briefly, cells from logarithmic-phase cultures grown in BHI broth were diluted in sterile PBS and mixed with an equivalent volume of sterilized Cytodex beads (Sigma) suspended in PBS at a concentration of 20 g⅐ml
. The suspension (200 l) was injected subcutaneously into the right flank of each of eight 4-week-old hairless crl:SKH1(hrhr)Br mice (Charles River, Wilmington, Mass.), using a 1-ml tuberculin syringe. The length and width of the lesions were measured daily, and the wound area (A) was determined by the formula A ϭ (L ϫ W)/2, where L is the longest axis and W is the shortest axis. The mice were sacrificed at 72 h postchallenge.
Statistical analyses. Data from phenotypic assays and the murine tissue abscess model were subjected to statistical analyses, by both the single-factor analysis of variance and the Bonferroni t test using the SigmaStat software program (Jandel Scientific). P values less than or equal to 0.05 were considered to indicate significant differences. (Fig. 1) . The serine protease gene designated sspA is followed by sspB, which encodes a hypothetical protein of 393 amino acids. The SignalP program (3) predicts a signal peptide cleavage site after Ala 36 , creating a mature protein of 40.6 kDa. Amino acids 220 to 393 of SspB possess 47% identity and 64% similarity to staphopain (Fig. 1B) , a 23-kDa cysteine protease purified from S. aureus strain V8 (23) . The PROSCAN program (3, 4) identified a eukaryotic thiol protease histidine active site consensus pattern (LGHALAV-VGNA), spanning amino acids 338 to 348, which is also conserved in staphopain (Fig. 1) . Just 37 nucleotides from the stop codon of sspB is a third open reading frame, sspC, which encodes a 109-amino-acid protein with a predicted size of 12.9 kDa. A cytoplasmic localization was predicted for SspC using the Psort program (33) , and SspC did not possess significant homology to other known proteins, including complete and incomplete microbial genomes. Following sspC is a hairpin structure, representing a possible transcription termination signal. PCR of genomic DNA with primer pairs sspA-F2-sspB-R2 and sspB-F2-sspC-R2 (Table 2) confirmed that the same order of genes was present on the genome of S. aureus RN6390 (data not shown).
RESULTS

Analysis
Northern blot analysis of the ssp transcript in S. aureus RN6390 and isogenic mutants. The organization of the sspA, sspB, and sspC genes shown in Fig. 1 is suggestive of an operon structure. Consequently, it was necessary to inactivate sspA in S. aureus RN6390 using a nonpolar allelic replacement strategy. Northern blot analysis provided proof that the ssp genes are transcribed as an operon and that inactivation of sspA was achieved without affecting transcription of downstream genes (Fig. 2) . RNA from S. aureus RN6390 displayed a 2.8-kb transcript that hybridized with probes specific for sspA, sspB, or sspC ( Fig. 2A to C, lane 1) . This is in agreement with the translation start codon of sspA and the stop codon of sspC being separated by 2.64 kb. Although sspA was disrupted by insertion of ermAB in SP6391, probes specific for sspA, sspB, or sspC each detected two RNA transcripts of 4.0 and 4.7 kb ( Fig.  2A to C, lane 2) . The same pattern was also observed with a probe specific for ermAB (data not shown). These findings suggest that transcription initiated from both the native sspA promoter and the ermAB cassette continues through the ssp operon.
This was confirmed by transducing the inactivated sspA allele (sspA::ermAB) of SP6391 into the agr-null strain S. aureus RN6911, creating strain SP6912 (agr⌬::tetM sspA::ermAB). In this situation, strain SP6912 displayed a single 4.0-kb ssp transcript ( Fig. 2A to C, lane 3) , whereas no ssp transcript was detected in the agr-null parent strain RN6911 ( Fig. 2A to C The arrow points to an active site cysteine residue in staphopain, which has been determined by crystallography to bind the cysteine protease inhibitor, E-64 (23) . The boxed and shaded residues in both panels represent a pattern of amino acids that is identified as a eukaryotic thiol protease histidine active site. Identical amino acids are indicated by colons, and lowercase letters represent nonidentical amino acids. tion of RNAIII (Fig. 2E, lanes 3 and 4) , due to the deletion of the agr locus in S. aureus RN6911. Therefore, the 4.0-kb ssp transcript in SP6912 and SP6391 originates from the ermAB cassette, which permits transcription of sspB and sspC independently of agr function. To confirm that the larger 4.7-kb ssp transcript in SP6391 originates from the native sspA promoter, a Northern blot was performed with a probe obtained by PCR with primer pair sspA-F3 and sspA-R2 (Table 2) , spanning the 5Ј end of sspA prior to the ermAB insertion point. As expected, this probe hybridized only to the 4.7-kb transcript of SP6391 and did not detect any transcript in SP6912. These data demonstrate that sspABC is transcribed as an operon and that nonpolar inactivation of sspA has been achieved in strain SP6391.
Inactivation of sspA exerts a pleiotropic effect on the profile of secreted proteins and proteases. SDS-PAGE analysis was performed to assess the affect of the sspA mutation on the profile of secreted proteins (Fig. 3A) . Culture supernatant of S. aureus SP6391 (sspA::ermAB) possessed a new 40-kDa protein that was not observed in RN6390. Relative to RN6390, culture supernatant of SP6391 also exhibited increased abundance of a protein doublet at approximately 43 kDa, decreased abundance of proteins at 37 and 27 kDa, and loss of at least two minor protein bands at 22 to 23 kDa (lane 2). The new 40-kDa protein in SP6391 corresponds to the expected size of SspB after processing at a predicted signal peptidase cleavage site, and N-terminal sequencing of this protein yielded the sequence DSHSKQLEINV, which matches perfectly with the predicted N terminus of secreted SspB (Fig. 1A) . A protein of the same size was also present in the culture supernatant of SP6912 (agr⌬::tetM sspA::ermAB) (lane 3) and had the same N-terminal sequence DSHSKQLEIN, confirming its identity as SspB. This protein was not expressed in the agr-null parent strain RN6911. Therefore, inactivation of sspA results in accumulation of the 40-kDa SspB protein in the culture supernatant of SP6391, and transduction of the mutant allele into the agr-null strain S. aureus RN6911 permits this protein to be expressed and secreted independently of agr function.
The loss of SspA expression was confirmed by a Western immunoblot, using antibodies specific for SspA (Fig. 3B) . Purified SspA from S. aureus L530 (lane 1) migrated slightly faster than an immunoreactive protein of S. aureus RN6390 (lane 2), which was not present in culture supernatant of SP6391 (lane 2). Therefore, the SspA serine protease of S. aureus RN6390 is slightly larger than that of S. aureus strain L530 and is not expressed in S. aureus SP6391.
The doublet of proteins at 43 kDa in S. aureus RN6390 (Fig. 3A, lane 1) yielded N-terminal sequences of LKAN QVQPLNKYP and AT(Y?)KAKDDQTRA(V?)V. The former matches perfectly with amino acids 294 to 306 of the S. aureus glycerol ester hydrolase precursor (28) . Signal from the latter sequence was weaker but resembled amino acids 281 to 289 (ta-KAKDDQT) of a triacylglycerol hydrolase from S. aureus (35) . Proteins in the same 43-kDa size range were more abundant in the culture supernatant of S. aureus SP6391 (Fig. 3A,  lane 2) . Lipases of S. aureus are secreted as larger precursor forms of approximately 82 kDa that undergo proteolytic maturation to form mature proteins of 40 to 45 kDa (46) . As loss of SspA function did not result in the appearance of unprocessed lipase, it appears that SspA is not required for the proteolytic maturation of secreted lipases. However, the increased abundance in culture supernatant from SP6391 of proteins corresponding in size to the mature lipase enzymes suggests that SspA may influence the stability of secreted lipase.
Protease zymogram analyses of S. aureus RN6390 and isogenic derivatives. Zymogram analyses were conducted to examine the effect of sspA inactivation on the profile of secreted proteases. In zymogram gels containing casein, S. aureus RN6390 exhibited a doublet of closely migrating proteases (Fig. 4A, lane 2) . The more active and slower-migrating protease was absent from culture supernatant of S. aureus SP6391 (lane 3), and as in the Western immunoblot, the serine protease of S. aureus RN6390 was slightly larger than purified SspA from S. aureus L530 (lane 1). Although the 40-kDa SspB protein was present only in the culture supernatant of SP6391 and SP6912 (Fig. 3A) , no new zones of protease activity were detected on casein zymograms (Fig. 4A, lanes 3 and 4) . However, in zymograms containing gelatin (Fig. 4B ), SP6391 and SP6912 each exhibited a higher mass protease activity (lanes 3 and 4) that was not present in either RN6390 or RN6911 (lanes 2 and 5). Furthermore, a low-molecular-mass gelatinase of RN6390 was absent from culture supernatant of SP6391. When the samples were pretreated with E-64, a specific inhibitor of cysteine protease activity, the lower-mass gelatinase of RN6390 and the higher-mass activity in SP6391 and RN6912 were no longer detected (data not shown). Therefore, inactivation of sspA has resulted in the loss of a low-molecular-mass ] polyacrylamide), transferred to Immobilon-P membrane, and probed with blot-purified polyclonal anti-V8 protease antibody. cysteine protease and the appearance of a higher-molecularmass protease, representing the 40-kDa SspB protein.
These observations suggest that the SspA serine protease is required for proteolytic maturation of the 40-kDa form of SspB. Accordingly, when culture supernatant from SP6912 (agr sspA::ermAB) was treated with purified SspA prior to zymogram analysis, the precursor form of SspB was processed to form lower-molecular-mass gelatinase activities (Fig. 5) . Furthermore, as evident from Fig. 3A , inactivation of sspA resulted in loss of two proteins of 22 to 23 kDa, and appearance of the 40-kDa SspB protein in culture supernatant of SP6391. These observations were also reflected in the profile of secreted gelatinase activities (Fig. 4B) . Cumulatively, these data indicate that SspB is expressed as a 40-kDa precursor protein, which is processed by SspA to form a mature cysteine protease of 22 to 23 kDa.
Inactivation of sspA results in an altered profile of secreted autolysins. Through sequence analysis of the partially complete S. aureus COL genome (http://www.tigr.org), we have discovered that the atl gene encoding a major autolysin activity of S. aureus is located 5 kb upstream of the ssp operon. Atl is expressed as a 138-kDa precursor protein that is processed by proteolytic activity to release glucosaminidase (GL) and amidase (AM) domains of 54 and 63 kDa, respectively (39) . To determine if autolytic activity is influenced by the sspA mutation, zymogram analyses of culture supernatants were conducted using gels containing M. luteus or S. aureus cells, to detect GL (Fig. 6A) and AM (Fig. 6B) activity, respectively. Compared to RN6390 (Fig. 6A, lane 1) , S. aureus SP6391 (lane 2) and RN6911 (lane 4) both exhibited enhanced GL activity in the 30-kDa size range, together with the appearance of an active 43-kDa GL and a less active 56-kDa GL, which were not present in RN6390 (Fig. 6A) . Therefore, loss of SspA function has altered the profile of secreted GL activities, resembling that of the agr-null strain, RN6911. In addition, RN6911 exhibited at least three GL activities in the high-molecular-mass range (ϳ97 kDa) that were not evident in either SP6391 or RN6390.
Although S. aureus SP6391 exhibited a number of weak AM activities ranging in size from 29-to 56-kDa that were not evident in RN6390 (Fig. 6B) , loss of SspA function did not have the same impact on AM profiles as it did on GL activity. When the autolysin profiles of RN6911 (agr) and SP6912 (agr sspA::ermAB) were compared, RN6911 exhibited a 105-kDa autolysin that was active on both GL and AM substrates and also a faint 73-kDa AM activity that were not detected in SP6912. As these two strains differ only in the sspA::ermAB mutation that results in secretion of the SspB cysteine protease, this result suggests that SspB may process the highmolecular-mass precursor forms of specific autolysins.
Quantitative assessment of virulence and virulence factor expression. Total protease activity in culture supernatant of S. aureus SP6391 was diminished by more than 60% relative to Zymogram analysis demonstrating conversion of SspB into lower-molecular-mass forms by treatment with purified SspA. The assay was performed as described above for Fig. 4B . Lane 1, 150 ng of V8 protease in PBS containing 1 mM cysteine; lane 2, 150 ng V8 protease pretreated with 10 mM DFP serine protease inhibitor; lane 3, 0.025 OD 600 units of stationary-phase culture supernatant from SP6912; lane 4, supernatant from 0.08 OD 600 units of SP6912 culture, incubated for 60 min in PBS containing 300 ng of purified V8 protease and 1 mM cysteine, followed by addition of 10 mM DFP; lane 5, identical to lane 4, except that DFP treatment was omitted. The higher-molecular-mass activity in lanes 1 and 2 containing purified SspA represents a shift in mobility that is observed when the sample is incubated in a reducing agent prior to electrophoresis. Coomassie blue staining of SDS-PAGE gels containing reduced or nonreduced SspA has confirmed that SspA exhibits faster migration when nonreduced (data not shown).
RN6390, as determined with resorufin-labeled casein (Table  3) . Culture supernatant of S. aureus RN6911 was devoid of protease activity, consistent with the deletion of the agr locus in this strain. Although the protease activity of SP6912 was numerically 10-fold greater than that of RN6911 (0.039 versus 0.004), it was still very low. Therefore, as also evident from zymogram analysis, this protease is active on gelatin but does not exhibit appreciable activity towards casein. S. aureus strains RN6390 and SP6391 both showed growth phase-dependent reduction in coagulase titer and Fn binding and did not differ significantly from one another in either of these activities. Therefore, inactivation of sspA function did not affect the stability of these proteins. Results from Fn binding and coagulase assays of RN6911 were as expected for the agr-null mutant phenotype of this strain.
When the virulence of RN6390 and that of SP6391 were assessed using a murine abscess infection model, mice challenged with SP6391 exhibited a larger area of tissue abscess at each of 24, 48, and 72 h postchallenge compared to S. aureus RN6390 (Table 4) . This difference was statistically significant at 72 h but not at 24 or 48 h. Although the mice challenged with SP6391 received a larger challenge inoculum, these data were also reproducible at smaller challenge doses. Therefore, loss of serine protease function has not impaired the ability of SP6391 to form a tissue abscess.
DISCUSSION
We have identified an operon structure encoding the secreted serine and cysteine proteases SspA and SspB of S. aureus. The organization of the operon and our experimental findings indicate a sequential pathway in which the SspA serine protease is required for proteolytic maturation of SspB. This conclusion is supported by a study on the phenotype of a sarA mutation in S. aureus. Although the SarA protein is required for optimal transcription of the agr locus (11, 13) , it also represses expression of secreted proteases. Inactivation of sarA in S. aureus 8325-4 resulted in the appearance in the culture supernatant with elevated levels of V8 protease (SspA), a putative metalloprotease, and a 22-kDa protein designated P4 (10) . The reported N-terminal sequence of P4 matches perfectly with amino acids 231 to 250 of SspB (Fig. 1A) , suggesting that the 22-kDa P4 protein originated from processing of the 40-kDa precursor form of SspB after Glu 219 . This is consistent with the SspA serine protease's exhibiting a high specificity for cleavage on the carboxyl-side of glutamic acid residues (24) . These observations, combined with the results from our present study, define a requirement for the SspA serine protease in proteolytic maturation of the 40-kDa SspB cysteine protease. To our knowledge, this is the first report of an operon structure containing two tandem protease genes, in which the activity of the first encoded protease is required to process the second.
Others have shown that the V8 protease (SspA) is secreted as an inactive precursor form, which is processed by the metalloprotease aureolysin to form the mature serine protease (15) . Aureolysin is also expressed as a precursor form (47) , but its mechanism of maturation is not known. Therefore, there is a cascade pathway in the maturation of the secreted proteases (44) . A BLAST search reveals that gelE and sprE exhibit the greatest homology towards the aureolysin and SspA proteases respectively of S. aureus. Therefore, the gelE-sprE transcriptional unit of E. faecalis may represent another example of an operon structure in which the first encoded protease serves to process the second. A gene encoding an N-acetylmuramidase activity is upstream of the gelE-sprE operon of E. faecalis (44) , and searching of the S. aureus COL genome reveals that the major atl autolysin of S. aureus is also upstream of the ssp operon. Oshida et al. have shown that processing of the high-molecular-mass form of Atl can be blocked with protease inhibitors (39) . However, loss of SspA function did not result in the appearance of an autolysin corresponding in size to the 138-kDa precursor form of Atl. Therefore, it appears that SspA is not required for maturation of the Atl autolysin. Our finding that loss of SspA resulted in enhanced levels of a 29-to 32-kDa GL and appearance of a 43-kDa GL suggests that SspA functions to control autolytic activity. This is consistent with a report in which protease-hyperproducing strains of Bacillus subtilis exhibited decreased rates of peptidoglycan turnover, while cultures supplemented with a serine protease inhibitor demonstrated an increased rate of cell wall turnover (26) . However, it is not clear from our data if SspA serves to inactivate autolytic function or if the 43-kDa GL appearing in the culture supernatant of SP6391 is due to another mechanism. In this respect, inactivation of the lrgAB operon in S. aureus RN6390 resulted in the appearance of 43 to 56-kDa autolytic activities (20) . It was proposed that the LrgAB proteins act as antiholins, thereby prohibiting the export of autolysins. Therefore, proteases could influence autolytic activity at multiple levels, including inactivation of autolytic activity, or by controlling the stability of holin and antiholin proteins that moderate autolysin secretion.
Enhanced autolytic activity may have contributed to the slight increase in virulence of S. aureus SP6391 in the tissue abscess infection model, perhaps by promoting the release of proinflammatory cell wall material. This result differs from a finding in which STM was applied towards S. aureus RN6390. In this study, a Tn917 insertion in the ssp-encoded serine protease resulted in moderate attenuation of virulence in tissue abscess and burn wound infection models and strong attenuation in a systemic infection model (14) . Possibly, the ssp mutant obtained by STM exerted a polar effect on transcription of genes downstream of sspA. Therefore, the attenuated virulence attributed to SspA may have been due to the loss of function conferred by sspB and sspC. Similar considerations affected the determination of phenotype attributed the gelE gelatinase of E. faecalis. Initially, inactivation of gelE was reported to result in a significantly delayed time to death in a peritonitis model of infection (53) . However, a subsequent study revealed that inactivation of gelE exerted a polar effect on the cotranscribed sprE serine protease (44) . Therefore, the virulence phenotype could not be attributed to gelE alone.
Except for its homology to the staphopain cysteine protease purified from S. aureus strain V8 as noted in Fig. 1 , SspB exhibits no significant homology towards any other protein.
The 40-kDa precursor form of SspB is active on gelatin, suggesting that proteolytic processing is not an absolute requirement for activity. This differs from the 40-kDa SpeB cysteine protease of Streptococcus pyogenes, which is secreted as an inactive zymogen that undergoes autocatalytic conversion to form a mature cysteine protease (21) . In contrast, the periodontain and gingipain cysteine proteases of Porphyromonas gingivalis are expressed as active precursors that undergo proteolytic maturation (42, 43) . As with SspB, periodontain was active on gelatin zymograms but exhibited no activity towards casein. Periodontain also exhibited no activity towards a number of other structured proteins (34) , with the exception of its ability to cleave and inactivate plasma ␣ 1 -proteinase inhibitor (␣ 1 -PI). The ␣ 1 -PI normally functions to limit tissue destruction during inflammatory responses by moderating the activity of the large quantities of human neutrophil elastase and cathepsin G released by degranulating neutrophiles. Consequently, inactivation of ␣ 1 -PI by periodontain was proposed to promote the destructive inflammation associated with acute P. gingivalis gingivitis. Others have reported that V8 protease (SspA) of S. aureus can cleave ␣ 1 -PI and that the cleaved product was a potent chemoattractant of human neutrophiles (6) . However, our data did not support a role for SspA in promoting the inflammation associated with tissue abscess formation.
The SspA-defective mutant also did not exhibit enhanced Fn binding, as predicted from our previous work in which purified V8 protease promoted the rapid loss of cell-surface fibronectin binding protein when added to early-exponential-phase cultures of S. aureus clinical isolates (32) . Possibly, growth phasedependent loss of cell surface Fn-binding protein may represent the combined effect of two or more proteases. In this respect, we have shown that loss of SspA function promoted a pleiotropic phenotype, including failure to process the secreted precursor form of SspB, and appearance of new autolytic activities in the culture supernatant. Therefore, the secreted proteases of S. aureus may cumulatively exert a profound effect on the growth and physiology of this diverse microbial pathogen. Studies are in progress to precisely define the functions of the SspB cysteine protease and SspC, which is predicted to reside in the cytoplasm and exhibits no significant homology to any other known protein.
